Atrial fibrillation (AF) is a common supraventricular arrhythmia, a recognized risk factor for ischemic stroke, as a potential driver for heart failure (HF). Cancer patients have an increased risk for AF, even not including any cancer-specific treatment, as surgery or chemotherapy. The mechanism is multifactorial, with inflammation and changes in autonomic tone as critical actors. Commonly, AF is a recurrent complication of the post-operative period in cancer surgery (especially thoracic). Recent papers confirmed a significant incidence of post-operative (non-cardiac surgery) AF (PAF), partially mitigated by the use of prophylactic (rate o rhythm control) treatments. A relevant difference, in terms of mean hospitalization time, emerges between patients developing PAF and those who do not, while long term impact remains a matter of debate, due to several potential confounding factors. Besides clinical predictors, structural (i.e., echocardiographic) and bio-humoral findings may help in risk prediction tasks. In this respect, pre-operative natriuretic peptides (NPs) concentrations are nowadays recognized as significant independent predictors of perioperative cardiovascular complications (including PAF), while elevated post-operative levels may further enhance risk stratification. The aim of the present paper is to trace the state of the art in terms of incidence, management, prevention, and outcome of PAF in the field of thoracic surgical oncology.
Introduction
Atrial fibrillation (AF) is a common sustained arrhythmia (1.5-2% of the general population) [1] , with a relevant weight in terms of morbidity and mortality.
Besides patients with known heart disease, a high rate of AF is reported in the oncologic setting [2] . As reported in the literature, there is a high rate of AF incidence among patients with cancer, a condition which poses relevant prognostic and therapeutic implications [3] [4] [5] [6] [7] . Even with considering the improvement in cancer therapy and survival rates, this associated comorbidity represents a relevant public health condition, due to cancer epidemiology and an aging population.
So far, a global but also tailored cardio-oncological evaluation of the problem is expected [8, 9] . Post-operative atrial fibrillation (PAF) is a common finding in the field of surgical oncology, and the most common and historical association between these two pathophysiological entities.
The prevalence of PAF results in 16-46% after cardiothoracic surgery and 0.4-12% after non-cardiothoracic surgery [10] . [22, 30, 31] , showing cumulative incidence of post-operative atrial fibrillation episodes, according to days after operation.
PAF and Thromboembolic Risk
The risk of thromboembolic events represents a major challenge in the field of thoracic oncology [32] . Patients with malignancies have a higher incidence of stroke, even without concurrent AF [33] [34] [35] . In particular, lung cancer confers an increased risk of ischemic stroke (Hazard Ratio (HR) 1.4, 95% Confidence Interval (CI) 1.3-1.5). Of note, a higher incidence of stroke was reported in patients with oncologic pulmonary disease; however, the ischemic stroke rate was higher within the first year of cancer diagnosis [33] .
In summary, previous reports considering cancer patients with or without AF have demonstrated a higher rate of ischemic strokes and mortality linked to cerebro-vascular complications, also considering PAF cases [9, 24] .
Risk Factors, Triggers, and Pathophysiology of PAF
In the assessment of thoracic surgery risk, many pre-operative factors can be considered predictors for PAF.
In an extensive retrospective analysis by Wu et al. [36] , which reported an overall incidence of PAF of 3.27%, it was found that age, male gender, lung cancer, general anesthesia, open surgery, lobe resection, and duration of the operation resulted in risk factors of PAF. In another retrospective study by Muranishi et al., conducted on 593 patients [37] , the overall incidence of PAF was 6.4%. In multivariate analysis, lymph node dissection (Odds Ratio (OR) Nodes-2/Nodes-0-1 = 3.06; 95% CI 1.06-10.9) was associated with PAF occurrence. Iwata et al. [38] , in a recent comprehensive literature review and single-center case experience, found gender (male), resected lung size, high brain natriuretic peptide, and left ventricular increased filled pressures by echocardiography, as independent predictors for PAF.
In a recent paper by Kavurmaci et al. [39] , considering patients who underwent lung resection due to primary lung cancer, authors found that older age and chronic obstructive pulmonary disease (COPD) were significant predictors of PAF.
In this respect, thoracic surgical procedures may be divided into low (<5%), moderate (5-15%) and high (>15%) risk, according to their expected incidence of PAF, in order to enhance the preoperative risk stratification of patients (Table 1) . Similarly, the presence of multiple factors (scoring system) implies an increased risk of PAF. So far, risk factors for PAF after cancer therapy are classified as acute (or triggers, i.e., direct surgical impact) and chronic factors (the result of a gradual process of remodeling) [40, 41] . Generally speaking, most of the risk factors for PAF are similar to the non-surgical setting, including atrial fibrosis enhancing conditions (such as age), atrial enlargement, ischemia, pressure-volume overload, and heart failure [42] [43] [44] . They also include autonomic factors, such as increased catecholamine levels or vagal tone, in which fluctuations are commonly reported in the surgical setting [1, 45] (Figure 2 ). More specifically, surgical procedures imply inflammation, a factor increasing the vulnerability of the atrial substrate to PAF [46] . In particular, higher catecholamine levels are reported in patients on pre-operative beta-blockers after a discontinuation of this therapy, respective to patients not receiving this class of drugs [42, 47] .
Diltiazem therapy has been found to reduce the rate of PAF [1, 44, 48, 49] . From a pathophysiological standpoint, the mechanisms that initiate and sustain the arrhythmia comprise a vulnerable substrate and a trigger (such as pulmonary veins) to start AF [50] . In particular, pulmonary vein (PV) stumps in AF patients after a pneumonectomy represent sites of active electrical activity [51] [52] [53] . Previous reports identified a tight link between PAF development and activation of inflammatory cytokines [54, 55] , and cardiac infiltration of inflammatory cells is associated with PAF [56] .
Furthermore, a strong relationship links post-operative hypoxia and PAF, and conditions predisposing to post-operative hypoxia might have a substantial role in PAF occurrence [57, 58] .
However, mechanical (i.e., surgical) conditions largely influence PAF triggering. In particular, the volume of pulmonary resection is a critical risk factor for the development of PAF [59] . In a recent analysis of patients who underwent surgery for lung cancer (stage I A), the vast majority of PAF was reported for lobectomy. Increasing age (HR 1.059, 95% CI 1.015-1.106, p < 0.01 for each age increase), surgical mode (lobectomy) (HR 5.734, 95% CI 1.350-24.361, p = 0.02) and Forced Expiratory Volume (FEV) 1.0% < 70% (HR 2.182, 95% CI 1.067-4.461, p = 0.03) were independent predictors of PAF at multivariate analysis [60] .
Unlike cardiac surgery, there is no commonly implemented clinical risk score for the prediction of PAF after thoracic surgery [61] .
In a retrospective study on 525 patients, preoperative CHA 2 DS 2 -VASc score could predict PAF in candidates to lobe resection. Age resulted the most relevant independent predictor, with patients with scores ≥5 having increased risk [62] .
Implications of Chemotherapy
A relevant implication might be found in previous chemotherapic treatments. In fact, after chemotherapy, patients show a higher susceptibility to post-operative arrhythmias [63] .
In a study on thoracic surgery (esophageal), Rice et al. [64] noted a 34% risk of atrial arrhythmias in subjects receiving previous chemotherapy. Additionally, a significant incidence of PAF was reported in surgical lung cases after induction therapy [65] . Moreover, in this context, inflammation may potentially explain this phenomenon [66] .
Prediction of PAF
Prophylaxis against PAF in cardiovascular surgery has been highly emphasized, while in the field of lung cancer, surgery data remain limited. We mainly refer, according to randomized studies, to the use of beta-blockers, diltiazem, verapamil, amiodarone, and intravenous magnesium [14] . These strategies have reduced the incidence of PAF after lung resection with mixed results [14, 29] , but a substantial incidence of side effects has been reported. So far, recent guidelines highlight the limited evidence in recommending widespread prophylaxis for PAF and that the optimal preventive strategy should be tailored for each patient [14] . Moreover, an undiscriminating precautionary approach for all surgical cases may have an unfavorable risk/benefit profile (in particular, in terms of exposition to side effects). Identification of high-risk situations seems, so far, the best strategy. In this respect-despite the several studies conducted to identify independent predictors-the only widely validated risk factor, from a demographic point of view, is advanced age [67, 68] .
There are several potential biomarkers valuable for PAF risk prediction, and several of them, in particular, circulatory biomarkers, have been proposed. However, the existing data are conflicting: markers of collagen synthesis (pro-collagen family), extracellular matrix remodeling, inflammation, and profibrotic mediators (interleukins) appear to be promising in the stratification task. In particular, alterations in these markers, as reported in the literature, may reflect differences in the methodology, the populations included, the type of AF, the presence of left ventricular dysfunction, as well as demographic and therapeutic implications. Furthermore, the lack of specificity of markers of myocardial extracellular matrix remodeling might represent the most relevant issue [69] .
The Potential Role of Natriuretic Peptides
At present, natriuretic peptides (NPs) are the most extensively and clinically validated biomarkers in the field of PAF. They are released from the myocardium in response to multiple physiological stimuli (among others, ischemic or inflammatory conditions, overload) [70, 71] , and numerous studies have demonstrated the independent predictive role of elevated pre-operative NP levels in terms of perioperative cardiovascular complications [72] [73] [74] [75] .
So far, the major international society guidelines for pre-operative cardiac risk assessment recommend a pre-operative NPs evaluation in high-risk surgery [76] .
Recently, pooled data from a metanalysis showed that the addition of post-operative NP sampling enhanced risk stratification after non-cardiac surgery compared with a pre-operative sampling alone [77, 78] . However, post-operative NPs fluctuations may often reflect intra-operative (drugs, hemodynamic, fluid shifts, etc.).
Cardinale et al. previously showed that increased perioperative Nt-pro-BNP levels predicted PAF in patients undergoing lung surgery [22] . Both preoperative and post-operative Nt-pro-BNP values were independent predictors of AF at multivariable analysis (relative risk, 27.9; 95% CI, 13.2-58.9; p < 0.001 for preoperative Nt-pro-BNP elevation; relative risk, 20.1; 95% CI, 5.8-69.4; p < 0.001 for post-operative Nt-pro-BNP elevation). These results were confirmed in a randomized trial by the same group, including 1116 patients. Patients showing a high Nt-pro-BNP value (29%) were enrolled. A prophylactic strategy with either metoprolol or losartan, in high-risk patients only (elevated Nt-pro-BNP concentrations), reduced the occurrence of PAF, with a low number needed-to-treat [79] . A lower incidence of PAF implied a shorter length of stay and less post-operative adverse events. So far, PAF was closely related to high Nt-pro-BNP concentrations, with a stronger association for pre-operative levels.
Many published data have further illustrated the role of increased levels of NPs as predictors of post-operative major adverse clinical events, specifically PAF, both in cardiac and non-cardiac surgery [67, 73, 77, 80, 81] . The patho-physiological link between high NPs levels and PAF occurrence remains unclear. NPs may increase in chronic conditions (among others, ageing) associated per se to PAF occurrence [80, 82] .
Elevated pre-operative NPs may be caused by right ventricular overload in patients with chronic respiratory diseases. A post-operative increase in Nt-pro-BNP may be related to an acute overload of the right ventricle after pulmonary resection, particularly if extensive. However, other mechanisms are possibly involved, since limited lung resections may also increase NP levels.
In our paper, even though both therapeutic strategies reduced natriuretic peptide concentrations in other clinical conditions rapidly [83, 84] , we did not observe a relevant decrease in Nt-pro-BNP [79] , while Nt-pro-BNP levels increased after surgery. This suggests that the prevention of PAF is not purely mediated by a reduction in Nt-pro-BNP concentrations. Hence, increase in perioperative Nt-pro-BNP concentrations represent more of a risk marker than a risk factor of PAF. So far, a single cut-off value for NPs could be identified to select high-risk patients to candidate them to preventive therapy [85] .
Acute Treatment
In general, the acute management of PAF should reflect recent clinical guidelines [1, 14] . In particular, patients with unstable conditions should be emergently addressed to cardioversion. In the stable patient, either parenteral rate or rhythm control strategy can be employed; while in subjects with limited symptoms, an oral approach (rate control) can be used.
In a small study of candidate to lung resection, no difference was found between amiodarone and diltiazem therapy in terms of sinus rhythm recovery [86] . Still, nowadays, there are no specific studies to guide treatment for PAF after thoracic surgery, and the arrhythmia is often diagnosed and managed differently than cardiac surgery [87] .
The most commonly used drug is amiodarone (generally delivered as an intravenous infusion) [88] . The use of intravenous flecainide in rapid bolus is often performed at our institution, with a good profile of safety and efficacy. However, when a rhythm-control strategy is necessary post-operatively, a tailored approach, with the intent to minimize anti-arrhythmic drug exposure, remains the most suitable approach.
Atrial Fibrillation Prophylaxis
Different drugs have been used for the prevention of PAF [89] [90] [91] . Several randomized controlled trials (RCTs) and meta-analyses have evaluated these substances, reporting a varying degree of success [29, 42, 92] .
The role of medical prophylaxis remains controversial [68] , and previous reports, including meta-analyses, often compared individual drugs with a placebo only. In a recent meta-analysis by Zhang et al. [93] considering 12 randomized trials, amiodarone was the most effective drug in preventing post-operative AF, while there were no significant prophylactic effects by magnesium, digoxin, or Calcium Channels Blockers (CCB). Patients under amiodarone therapy reported a lower incidence of PAF, and its use seemed to be safe with no significant complications.
In this respect, another recent network meta-analysis with trial sequential analysis, including 22 trials, showed a reduced incidence of PAF with medical prophylaxis (OR, 0.33; 95% CI 0.22-0.49). Unfortunately, short-term mortality was unchanged. From the trial sequential, sufficient evidence emerged in support of medical prophylaxis as a preventive strategy for PAF after thoracic surgery. In network meta-analysis, several drugs (including amiodarone, CCB, magnesium) reduced the risk of PAF compared with the placebo. Beta-blockers had the highest probability of being the most effective agents [94] .
The use of beta-blockers in patients undergoing lung surgery, considering the presence of respiratory comorbidity as the hemodynamic implications, remains of concern [19]. So far, indiscriminate administration of such medications seems not to be justified. The majority of evidence stems from the POISE (Perioperative-Ischemic-Evaluation) trial, where long-acting formulation of metoprolol before surgery showed to reduce the incidence of PAF [95] .
However, an increased incidence of stroke and mortality (likely due to post-operative hypotension) was reported, limiting this therapeutic approach in clinical routine [95] .
Few studies have evaluated the efficacy of beta-blockers for post-operative prophylaxis of PAF, with promising findings [79, 96, 97] .
ACEI and receptor blockers (ARBs) have many positive and mixed effects, including modification of sympathetic tone and inflammation, as a direct anti-arrhythmic property [98] [99] [100] . However, data on the efficacy of ACEI/ARBs for preventing PAF have been limited, particularly after lung resection [79, 101] .
Other potential preventive measures derived from the cardiothoracic surgery field include pre-operative statin use in statin naive patients [102] [103] [104] [105] , but results in this field are partially conflicting, particularly if we consider randomized trials not limited to lung surgery.
Less limited evidence is available for colchicine use outside cardiac surgery/AF ablation settings [106] [107] [108] [109] .
A recent study highlighted the role of olprinone, a specific phosphodiesterase III inhibitor, in PAF prevention [110] . In particular, continuous infusion of olprinone during lung surgery was safe and reduced the rate of PAF following lung resection in patients with increased pre-operative BNP concentrations.
No data in the field of lung surgery are available for fish oil supplements, which showed promising results in the field of PAF prevention in a cardiac surgery setting [111] [112] [113] [114] .
Anti-Thrombotic Profilaxys
A precise evaluation of the patient's risk of stroke plays a central role in providing adequate anti-thrombotic protection, with a reasonable risk of bleeding. Gialdini et al. clearly showed a significant association of ischemic stroke and PAF, stronger for non-cardiac surgery operations [11] .
For PAF episodes more extended than 48 h, the standard recommendations follow conventional guidelines, since the occurrence of stroke result increased. In these patients, the incidence of ischemic events is lower with appropriate anti-thrombotic management, despite an increased risk of bleeding [1, 14] . However, the presence of multiple risk factors for stroke may influence the decision to treat a patient earlier than this conventional time range. The option of a brief anticoagulation period should be tailored for every single case, balancing the risk factor for bleeding and thromboembolism. Initiation of warfarin is usually safe in the first 24 h from surgery, unless an increased risk for bleeding is present.
Recently, an association between PAF and thrombo-embolic events at follow-up was found, comparable to non-valvular atrial fibrillation in terms of adverse events, which benefited from the long-term antithrombotic strategy introduced in the first 30 days after the onset of the episode [115] .
In this context, as in a fast-track strategy to restore sinus rhythm with electrical cardioversion, heparin represents the most suitable option.
Anticoagulation is also recommended when cardioversion is the selected option. New oral anticoagulant drugs represent a current opportunity to manage atrial fibrillation, including dabigatran, edoxaban, rivaroxaban, and apixaban. When compared to conventional dicumarolic substances, these agents offer the advantage of not requiring monitoring of the INR, and resulted non-inferior in terms of stroke prevention, with an overall reduced bleeding rate. However, at present, their role in PAF has not been evaluated.
Although recent studies in patients with long term rhythm monitoring showed an association of brief atrial fibrillation episodes and ischemic stroke [116] , it remains challenging to prescribe a long-term course of anticoagulation (>1 month) unless recurrent atrial fibrillation is clearly demonstrated or concomitant, multiple risk factors of stroke are present.
Long Term Implications of PAF
There is limited literature on post-discharge risks for thoracic patients, and data remain debated. In the field of cardiac surgery, the adverse impact of PAF in the follow-up has been demonstrated [117] , and in patients undergoing esophagectomy, PAF represented an independent predictor of follow-up mortality at one year and long term [118] .
However, previous studies showed how most cases of PAF result in self-limiting and, also, if diagnosed at discharge, usually have evidence of restored sinus rhythm by the time of the follow-up. Rena et al. [30] demonstrated that the vast majority of PAF resolved after hospital dismission, while in a study by Amar et al., 50% of episodes of PAF spontaneously converted to sinus rhythm in less than 24 h [119] .
These data have been questioned more recently. In particular, recent papers showed how, in non-cardiac surgery, atrial fibrillation recurrences were 37.28% in patients with PAF and 1.51% in those without [11] . In recent work on 377 patients who underwent anatomical pulmonary resection, the persistence of one-month arrhythmia was 7% [120] . Even more recently, Higuchi et al. have shown a recurrence rate of 30% atrial fibrillation, mainly asymptomatic, in subjects undergoing cancer surgery, associated with the presence of arterial hypertension and renal failure [121] .
Although the development of PAF resulted in a risk factor for mortality in cardiac surgery cases [122] , the implications for patients after thoracic surgery remain, in part, mostly unknown.
There is no definite evidence to guide the duration of anti-arrhythmic PAF therapy after thoracic surgery. Since many AF episodes can occur asymptomatically, data on long term monitoring (Holter ECG), either on drug therapy or not, may be able to partially identify the real AF burden. A critical point is the intensity of ECG recording during follow-up [123] .
Some ongoing clinical trials are evaluating the impact of prolonged perioperative rhythm monitoring in patients undergoing cancer surgery [124] . In the MONITOR-AF trial [125] , in patients undergoing coronary artery bypass surgery monitoring with an implantable loop recorder after PAF showed a 60% recurrence rate of atrial fibrillation.
Data in the literature to guide anti-arrhythmic therapy are scarce, mostly derived from cardiac surgery settings [126, 127] .
In our experience (unpublished data) on prolonged, Holter-driven, amiodarone therapy, did not result superior to a limited therapeutic course.
Conclusions
Post-operative atrial fibrillation is of common diagnosis in the field of thoracic surgery, and it has a recognized epidemiological, as well as clinical, relevance. In particular, it represents the most recognizable and historical association between cancer and atrial arrhythmogenesis. Although several demographic, surgical, and clinical or imaging predictors may better stratify the risk for developing it, the studies conducted so far have often been retrospective, limited by a relatively low number of patients.
Pharmacological prophylaxis is a debated point, and substantial evidence is still lacking. Similarly, specifical treatment strategies reflect those from current atrial fibrillation guidelines. If we consider the costs in terms of morbidity and mortality (including hemodynamic and thrombotic complications requiring a prolonged hospital stay), a tight and tailored approach for risk stratification, potentially including pre and post-operative assessment of biomarkers, is potentially useful. In particular, more extensive randomized studies should be conducted to develop stronger evidence in therapeutic and preventive strategies, as well as to define the real prognostic weight respective to other comorbidities and the long term implications. 
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